In budding yeast, exit from the pachytene stage of meiosis requires the mid-meiosis transcription factor Ndt80, which promotes expression of ∼200 genes. Ndt80 is required for meiotic function of polo-like kinase (PLK, Cdc5) and cyclin-dependent kinase (CDK), two cell cycle kinases previously implicated in pachytene exit. We show that ongoing CDK activity is dispensable for two events that accompany exit from pachytene: crossover formation and synaptonemal complex breakdown. In contrast, CDC5 expression in ndt80⌬ mutants efficiently promotes both events. Thus, Cdc5 is the only member of the Ndt80 transcriptome required for this critical step in meiotic progression. During meiosis, a single round of DNA replication is followed by two successive divisions (meiosis I and meiosis II), producing four haploid gametes. This is achieved by segregation of homologs, homologous chromosomes of different parental origin, during meiosis I, followed by segregation of sister chromatids in meiosis II. During the prophase of meiosis I, progressive chromosome condensation is accompanied by homolog pairing and recombination, which culminate at the pachytene stage, where homologs are paired along their entire lengths and connected by the synaptonemal complex (SC). Upon exit from pachytene, the SC disappears and chromosomes become diffuse, only to recondense at diplotene/diakinesis as visible homologs connected by crossovers.
During meiosis, a single round of DNA replication is followed by two successive divisions (meiosis I and meiosis II), producing four haploid gametes. This is achieved by segregation of homologs, homologous chromosomes of different parental origin, during meiosis I, followed by segregation of sister chromatids in meiosis II. During the prophase of meiosis I, progressive chromosome condensation is accompanied by homolog pairing and recombination, which culminate at the pachytene stage, where homologs are paired along their entire lengths and connected by the synaptonemal complex (SC). Upon exit from pachytene, the SC disappears and chromosomes become diffuse, only to recondense at diplotene/diakinesis as visible homologs connected by crossovers.
Meiotic recombination initiates in early meiosis I prophase by the formation of DNA double-strand breaks (DSBs), catalyzed by the Spo11 endonuclease (Keeney and Neale 2006) . As cells progress toward pachytene, DSBs are repaired to form either noncrossover (NCO) recombinants or joint molecule (JM) intermediates, many of which contain parental homologs connected by double Holliday junctions (Bishop and Zickler 2004) . JMs are resolved, primarily as crossover recombinants (COs), at the end of pachytene. Crossovers provide the interhomolog connections that later ensure proper homolog alignment on the metaphase I spindle and thus their accurate segregation at anaphase I.
The exit from pachytene is a crucial transition, since it is associated with the resolution of JMs as COs, SC disassembly, and kinetochore modification so that sister kinetochores orient toward the same spindle pole (monoorientation), and the separation of duplicated spindle pole bodies (SPBs), the fungal centrosome equivalents (Shuster and Byers 1989; Xu et al. 1995 Xu et al. , 1997 Clyne et al. 2003; Lee and Amon 2003b) . Failure in any of these processes can result in chromosome nondisjunction and the production of aneuploid progeny. Consequently, checkpoint systems monitor synapsis and recombination and prevent exit from pachytene unless these processes are complete (Roeder and Bailis 2000) .
Ndt80, a transcription factor first expressed in late pachytene, is a central target of these checkpoint systems (Xu et al. 1995; Tung et al. 2000) . Ndt80 activates expression of more than 200 genes at mid-meiosis, including those required for meiotic divisions and spore formation . Cells lacking Ndt80 fail to exit pachytene, arresting with unresolved JMs, reduced COs, persistent SC, and duplicated but unseparated SPBs (Xu et al. 1995; Allers and Lichten 2001) . Ndt80 is extensively phosphorylated during normal meiosis, but in cells that are arrested in pachytene due to defects in synapsis and/or recombination, Ndt80 is less abundant and is hypophosphorylated, and Ndt80-dependent genes are not expressed (Tung et al. 2000; Pak and Segall 2002; Benjamin et al. 2003) . Among the targets of Ndt80 regulation are two critical cell cycle kinases: polo-like kinase (PLK) encoded by CDC5, and cyclin-dependent kinase (CDK). Previous studies have suggested roles for both kinases in pachytene exit.
PLKs contain an N-terminal kinase domain and a Cterminal polo-box domain (PBD). PBD is thought to be involved in substrate recognition, often by binding phosphorylated amino acids (Barr et al. 2004; Lowery et al. 2005) . PLK is required for many cell division-associated events, including CDK activation, centrosome maturation, spindle formation, cohesin removal from chromosome arms, anaphase promoting complex (APC) activation, CDK inactivation during exit from mitosis, and cytokinesis (Barr et al. 2004) . Animal PLKs act late in meiosis during spermatogenesis and oocyte maturation, mainly regulating events associated with the two meiotic divisions (Lee and Amon 2003a; Liu et al. 2007 ). Animal PLK is also present earlier, during meiosis I prophase, but little is known about its function at this earlier stage (Matsubara et al. 1995; Mirouse et al. 2006) .
Budding yeast PLK, Cdc5, plays essential roles in the exit from mitosis and in cytokinesis (Lee et al. 2005) . Studies using conditional alleles and alleles that express CDC5 during mitosis but not during meiosis (cdc5-mn, meiotic null) have revealed meiosis I prophase functions. These include promoting kinetochore mono-orientation at metaphase I, removal of cohesin from chromosome arms at anaphase I, and exit from both meiotic divisions (Sharon and Simchen 1990; Clyne et al. 2003; Lee and Amon 2003a,b) . Cdc5 also appears to act during pachytene exit, as cdc5-mn mutants accumulate JMs and show reduced COs, consistent with a defect in JM resolution, and SC persists in some cdc5-mn cells (Clyne et al. 2003) . These findings raise the possibility that Ndt80 regulates pachytene exit by activating CDC5 expression. However, cdc5 mutant cells undergo SPB separation and establish a metaphase I spindle, indicating that Cdc5 activity is not absolutely required for meiotic progression past pachytene (Clyne et al. 2003; Lee and Amon 2003b) .
CDKs coordinate progression through the mitotic and meiotic cell cycle Marston and Amon 2004) . Cdc28, the budding yeast CDK catalytic subunit, controls progression through S, G2, and M by associating with regulatory B-type cyclins (Clb1, Clb2, Clb3, Clb4, Clb5, and Clb6). All but Clb2 are produced during meiosis . Clb5 (Sphase cyclin) is required for premeiotic DNA replication and meiotic DSB formation (Murakami and Keeney 2008) , while Clb1, Clb3, Clb4, and Clb6 (M-phase cyclins), whose expression is Ndt80-dependent, promote meiotic divisions Marston and Amon 2004; Carlile and Amon 2008) . Conditional cdc28-ts mutants arrest in meiosis I prophase with unseparated SPBs (Shuster and Byers 1989; Xu et al. 1997) , and meiosis I prophase arrest in response to defects in synapsis and/or recombination requires inhibition of CDK by the Swe1 protein (Leu and Roeder 1999) . It has thus been inferred that CDK activity is required for exit from pachytene, and it has been suggested that pachytene arrest in ndt80⌬ cells is due to the absence of Mphase cyclins (Roeder and Bailis 2000) . However, it is possible that partial disruption in cdc28-ts mutants of earlier CDK-dependent events, such as replication or DSB formation, provokes pachytene arrest, and a role for CDK in JM resolution has not been documented.
We show here that, under conditions of high NDT80 expression, ongoing CDK activity is not required for JM resolution or for SC disassembly. In contrast, induced expression of CDC5 in an ndt80⌬ strain efficiently promotes both events. We conclude that CDC5 is the only member of the Ndt80 regulon that is required for exit from pachytene.
Results and Discussion

CDK activity is not required for Ndt80-dependent JM resolution and SC breakdown
To examine roles for CDK in exit from pachytene without affecting prior CDK-dependent events, we used an analog-sensitive allele of CDC28, cdc28-as1, which confers sensitivity to the ATP analog 1-NM-PP1 (4-amino- (Bishop et al. 2000) . We combined cdc28-as1 with an estrogen-inducible NDT80 allele (NDT80-IN) (see Supplemental Material) that confers reversible pachytene arrest Carlile and Amon 2008) . In the absence of inducer (␤-estradiol, ED), NDT80 is not expressed, and cells accumulate in pachytene with persistent JMs and full-length SC. ED addition induces NDT80 expression, and cells synchronously exit from pachytene and undergo meiotic nuclear divisions ( Fig. 1 ; Carlile and Amon 2008) .
To monitor meiotic recombination, we used recombination reporter systems that allow the detection of recombination intermediates and products on Southern blots (Allers and Lichten 2001; Jessop et al. 2005) . NDT80-IN cdc28-as1 cells were accumulated at pachytene. To inhibit preexisting Clb5-CDK activity without affecting DSB formation, 1NM-PP1 was added 6 h after initiation of meiosis, a time by which most meiotic DSBs have formed and been repaired (Buhler et al. 2007 ; data not shown). NDT80 expression was induced 1 h later by ED addition. Induced NDT80 expression restored JM resolution and CO formation, regardless of whether or not CDK was inhibited (Fig. 1A-F) . NCO formation was largely unaffected by NDT80 expression or by CDK inhibition (Fig. 1B,F) , consistent with previous findings (Allers and Lichten 2001) . However, inhibition of CDK blocked meiotic divisions that occurred Western blots detecting Zip1 (G) and Cdc5 (H). Graphs show normalized Zip1 and Cdc5 levels, which were determined as described in Material and Methods. upon induced NDT80 expression (Fig. 1E) . Similar results were obtained when 1-NM-PP1 and ED were added at the same time (Supplemental Fig. 1) . Thus, ongoing CDK activity is not required for NDT80-dependent JM resolution as COs.
To determine if CDK is required for SC breakdown, we monitored levels of the SC central element protein Zip1 (Sym et al. 1993 ). In the absence of NDT80 expression, Zip1 persisted (Fig. 1G) . Induction of NDT80 expression led to rapid Zip1 degradation, regardless of whether or not CDK was inhibited (Fig. 1G) . Zip1 degradation was accompanied by the disappearance of Zip1 from chromosomes, as monitored in nuclear spreads (data not shown). These results indicate that ongoing CDK activity is not required for SC breakdown. 1NM-PP1 did block meiotic divisions (Fig. 1E) and also impaired the earlier step of SPB separation (data not shown), two events that require active CDK. In a second test, deletion of the four meiotic M-phase cyclin genes-CLB1, CLB3, CLB4, and CLB6-did not affect the timing or extent of DSB repair, JM resolution, CO formation, NCO formation, or SC breakdown, although meiotic divisions and SPB separation were defective (Supplemental Fig. 2 ; data not shown).
We observed that CDK inhibition delayed JM resolution and SC breakdown by 30-60 min (Fig. 1A,G) . To test the possibility that this was due to altered Ndt80 expression or activity, we measured levels of Ndt80 and of three proteins whose production is Ndt80-dependent: Cdc5, Clb1, and Clb3 ( Fig. 1H; Supplemental Fig. 3) . CDK inhibition caused a 30-to 60-min delay in the accumulation of Ndt80 and the Ndt80 targets Cdc5, Clb1, and Clb3. CDK inhibition also caused a similar delay in Cdc5-dependent Ndt80 modification. Thus, the observed delay in JM resolution and SC breakdown in 1NM-PP1-treated NDT80-IN cdc28-as1 cells is consistent with the suggestion that, while CDK is important for timely Ndt80 protein production and activity, it is not essential for either.
Cdc5 promotes JM resolution as crossovers in ndt80⌬ cells
While a previous study had shown that Cdc5 was necessary for efficient JM resolution (Clyne et al. 2003) , it remained possible that other proteins encoded by the ∼200 genes of the Ndt80 regulon were also necessary. To determine if Cdc5 was sufficient for JM resolution, we introduced an estrogen-inducible CDC5 allele (CDC5-IN) (Supplemental Material) into ndt80⌬ mutant cells, thus enabling Ndt80-independent CDC5 expression during meiosis. Levels of Cdc5p produced using this inducible promoter are similar to Ndt80-dependent levels in wild-type cells (Fig. 2A) .
To examine the role of Cdc5 in JM resolution, Cdc5 was produced in pachytene-arrested ndt80⌬ cells that had accumulated JMs to relatively high levels (7 h after initiation of meiosis). In the absence of Cdc5 induction, ndt80⌬ cells displayed high levels of unresolved JMs and few COs (Fig. 2B,C) . Cdc5 production promoted rapid and efficient JM resolution, accompanied by an increase in COs but no net increase in NCOs (Fig. 2B,C) . Expression of a kinase-dead cdc5 mutant (cdc5-N209A) (Song et al. 2000) failed to promote JM resolution and CO production (Fig. 2D,E) . Thus, Cdc5 kinase promotes JM resolution in the absence of all other members of the Ndt80 regulon.
Cdc5 promotes SC disassembly in ndt80⌬ cells
Pachytene-arrested ndt80⌬ cells display full-length SC and accumulate polycomplex, an extrachromosomal array of SC proteins (Xu et al. 1995) . To monitor the effect of Cdc5 on SC breakdown, nuclear spreads were prepared and stained with antibodies against Zip1. SC persisted in 
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Cold Spring Harbor Laboratory Press on July 31, 2017 -Published by genesdev.cshlp.org Downloaded from the absence of Cdc5, with most nuclei exhibiting both full-length SC and polycomplex (Fig. 3A,B) . Following CDC5 induction, the number of nuclei with full-length SCs dropped rapidly, and most of the SC had disappeared by 3 h after induction, although polycomplex persisted ( Fig. 3B; Supplemental Table 1 ). However, Zip1 protein levels did not decrease after CDC5 induction (Fig. 3C) , indicating that Cdc5 mediates disassembly of the SC central element but is insufficient to target Zip1 for proteolysis.
To further characterize the role of Cdc5 in SC disassembly, we examined nuclear spreads for Red1, a component of SC axial elements in cells prior to synapsis and of lateral elements in cells with mature SC (Smith and Roeder 1997) . Red1 normally displays a discontinuous distribution along the length of SC (Smith and Roeder 1997) . In the absence of CDC5 induction, ndt80⌬ nuclei exhibited persistent Red1 with the characteristic discontinuous distribution ( Fig. 3D; Supplemental Table 2 ). Induction of Cdc5 expression resulted in the loss of Red1 from most nuclei, consistent with the suggestion that Cdc5 also mediates disassembly of SC lateral elements (Fig. 3E) .
Cdc5 expression in ndt80⌬ cells failed to promote the subsequent events of SPB separation and meiotic division (data not shown), consistent with the absence in ndt80⌬ cells of M-phase CDK, which is required for both of these events (Shuster and Byers 1989; Xu et al. 1995) .
In summary, these data show that, of the ∼200 proteins that are expressed in the NDT80 regulon, Cdc5/PLK is the only protein both necessary and sufficient to trigger two key events of exit from pachytene: JM intermediate resolution and SC disassembly. These events occur earlier in meiosis than do other events in which PLK has been implicated so far. PLK drives monopolin loading on kinetochores (Clyne et al. 2003; Lee and Amon 2003b) late in meiosis I prophase and modifies cohesin on chromosome arms to facilitate its removal at the metaphase I to anaphase I transition (Clyne et al. 2003; Lee and Amon 2003b) . PLK is also a component of the FEAR network, which is required for the completion of the first meiotic division (Lee and Amon 2003a) . These processes are all involved in either establishing or executing the meiotic division itself. The identification of PLK as being both necessary (Clyne et al. 2003 ) and sufficient (this study) to trigger exit from pachytene points to its involvement at a much earlier stage, since diffuse, diplotene, and diakinesis stages occur between exit from pachytene and metaphase I.
Evidence for the involvement of PLK in earlier stages of meiosis I prophase in other organisms is limited. Recent studies in Drosophila reveal that inhibition of Polo by the Matrimony protein forms the mechanistic basis for the long arrest of meiotic progression that occurs after pachytene exit in oocytes (Xiang et al. 2007 ). Matrimony is produced immediately after pachytene, suggesting that Polo is present at this stage, as would be expected if it were involved in promoting exit from pachytene. In addition, localization and mutant studies suggest that PLK-2, a Caenorhabditis elegans Polo homolog, is involved in SC disassembly and chromosome decondensation at the end of pachytene (S. Jover Gil and A. Dernburg, pers. comm.).
How might PLK drive exit from pachytene? Multiple targets for PLK have been identified in animals and budding yeast (Lowery et al. 2005; Lee et al. 2008) , including Ime2 (a meiosis-specific CDK-like kinase), Ndt80 (Supplemental Fig. 3 ), Mam1 (a monopolin component), and Rec8, the meiosis-specific kleisin subunit of cohesin (Clyne et al. 2003; Lee and Amon 2003b) . The requirement for persistent arm cohesion through metaphase I for proper homolog disjunction makes cohesin a less likely PLK target in driving exit from pachytene. Consistent with this, CDC5-IN ndt80⌬ rec8-17A cells, which lack 17 Cdc5 target sites on Rec8 (Brar et al. 2006) , show JM resolution and CO formation similar to those Tables  1 and 2 , respectively. seen in otherwise isogenic REC8 cells (A. Sourirajan and M. Lichten, unpubl.) .
One intriguing possibility is that JM resolution is driven by SC disassembly. SC proteins play a critical role in JM formation, by protecting nascent recombination intermediates from the disintegrating activity of the Sgs1/Top3/Rmi1 complex (Jessop et al. 2006; Oh et al. 2007 ). SC components might play a similar role in protecting JMs from resolving activities until the end of pachytene. In this view, phosphorylation of SC components by PLK, leading to SC disassembly, might expose JMs to resolvases and lead to CO formation.
Alternatively, SC disassembly may be triggered by JM resolution. In budding yeast and many other organisms, SC assembly on chromosomes requires recombination, and SC nucleation has been suggested to occur at sites of recombination (Kleckner 2006) . It is possible that SC integrity requires the continued presence of JM intermediates and associated late recombination nodules (RNs). In this view, activation of resolvases by PLK would lead to JM resolution, CO formation, and consequent SC disassembly. Determining which of these processes Cdc5 triggers and whether it does so directly or though intermediary regulatory proteins will require the identification of meiotic PLK targets.
In mammals, PLK substrate recognition often occurs when the polo-box domain binds to a portion of the target that is CDK-phosphorylated (Barr et al. 2004; Lowery et al. 2005; Lee et al. 2008) . The PLK-dependent, CDKindependent JM resolution and SC breakdown we observe might be due to target recognition by PLK through polo-box-independent or phosphorylation-independent interactions (see Lee et al. 2008 for an example) or by polo-box binding to a CDK-independent phosphomark formed by other kinases that are active during meiosis I prophase. Alternatively, PLK recognition of the relevant target might require a CDK-catalyzed phosphorylation, but one that is established earlier in meiosis and that persists in the absence of ongoing CDK activity.
In summary, our data reveal a novel role for budding yeast PLK Cdc5 in promoting the exit from pachytene and show that ongoing CDK activity is not required for this critical transition. It thus appears that Cdc5 is a major regulator of key prophase I events, in addition to its functions later in meiosis.
Materials and methods
Yeast strains and sporulation
Yeast strains (Supplemental Table 3 ; construction described in Supplemental Material) are derived from SK1. Sporulation was as described (Allers and Lichten 2001) , with 1-NM-PP1 (Toronto Research Chemicals; 10 mM stock in dimethylsulfoxide) and ␤-estradiol (Sigma; 5 mM stock in ethanol) being added as indicated above.
Recombination intermediate/product analysis
Genomic DNA preparation and analysis on Southern blots were as described (Allers and Lichten 2001; Jessop et al. 2006 ); see Supplemental Figure 4 for a guide to recombination reporter structures and restriction digests used. XhoI and XmnI digests were probed with ARG4 coding sequences (+165 to +1413). EcoRI/XhoI double digests were probed with HIS4 coding sequences (+538 to +718).
Protein analysis
Total protein was prepared from 2-4 mL of meiotic culture and analyzed on Western blots as described (Jessop and Lichten 2008) . After initial probing, blots were stripped and reprobed for Arp7 as a loading control.
To quantify protein levels, the band intensity in each lane was divided by the corresponding Arp7 band intensity in the same lane. This ratio is represented in arbitrary units. The primary antisera, sources, and working dilutions were Zip1 and Red1-rabbit polyclonal (a gift from G.S. Roeder), 1:10,000 dilution; Cdc5, Clb1, Clb3, and Arp7-rabbit or goat polyclonal (Santa Cruz Biotechnologies, sc-6733, sc-7647, sc-7167 and sc-8961, respectively), 1:500; influenza hemaglutinin (HA)-mouse monoclonal (Roche Diagnostics, 12CA5), 5 µg/µL, 1:10,000; Ndt80-rabbit polyclonal (a gift from K. Benjamin), 1:10,000.
Meiotic nuclear morphology
Nuclear spreads were formed and stained as described (Bishop 1994) using cells from 5 mL of meiotic culture. Red1 and Zip1 were detected using the primary antisera described above at 1:100 and Alexafluor 488-conjugated goat anti-rabbit IgG (Molecular Probes #A11034) at 1:100 as the secondary antibody. DNA was visualized using DAPI stain present in Vectashield mounting medium (Vector Laboratories). Meiotic spindle formation and nuclear divisions were monitored by staining with antiTub2 (a gift from M. Basrai) or DAPI as described (Jessop and Lichten 2008) . Sample fluorescence was visualized using a Zeiss Axioplan 2 epifluorescence microscope and a Micromax 1300 CCD camera. Images were acquired using IPlab 3.7 and processed with Adobe Photoshop PS3.
